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ABSTRACT
Heat transfer performance outside of a horizontal 3-D externally rectangular finned tube and tube bundle was
experimentally investigated with R22 condensing outside. Condensing coefficient of a horizontal finned tube was
obtained through a Method of Thermal Resistance Separation. The outside condensation coefficient of two
longitudinal fin pitches (1.2mm and 0.8mm) of the horizontal rectangular finned tubes (do = 12mm) was in
comparison with each other and with that of a horizontal 3-D grooved tube (do = 19mm) with different fin height.
And the overall heat transfer coefficient was compared under different water Reynolds number inside the three
horizontal tubes. The 3-D externally rectangular finned tube with longitudinal fin pitch of 1.2mm was introduced
into a shell-and-tube heat exchanger for the first time. The condensation capacity and the tube’s side pressure drop
of the heat exchanger were compared with that of another shell-and-tube condenser (WN40D) with 3-D grooved
tube bundle (do = 16mm).
The experimental results showed that the outside condensation coefficient of the 3-D rectangular finned tube with
1.2mm fin pitch was about 50% ~ 100% higher than that of finned tube with 0.8mm fin pitch, and that of the latter
was a little higher than that of the 3-D grooved tube. Among the three tubes, the overall heat transfer performance of
the rectangular finned tube with 1.2mm fin pitch was the best. And the condensation capacity of the heat exchanger
with 1.2mm fin pith rectangular finned tube bundle was equivalent to that of WN40D condenser.

1. INTRODUCTION
Shell-and-tube condensers are widely used in the refrigeration industry. Typical construction is the fixed tube sheet,
shell-and-tube heat exchanger, with the refrigerant flowing on the outside of the tubes, and cooling water flowing
inside the tubes. Tubes with various outside surface geometries are available to enhanced condensation heat transfer,
but the most used in practice are three-dimensional (3-D) externally finned or grooved tubes owing to their high
condensation heat transfer performance. The outside surface geometry of the 3-D externally grooved tube has the
following characteristics (Browne et al, 1999): (1) the secondary fin is on the top of the primary fin and (2) the
primary fin height ranges from 0.76 to 1.524.
An enhanced tube with rectangular fins staggered arranged outside and fin height over 3 mm was introduced in this
paper. The heat transfer performance outside of the horizontal 3-D externally rectangular finned tubes of two fin
pitches and tube bundle with R22 condensing outside was experimentally investigated. The results were in
comparison with that of the 3-D externally grooved tubes.

2. EXPERIMENT SETUP AND PROCEDURE
2.1 Test Facility
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The experiments of three horizontal tubes
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T
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Shanghai of Science and Technology. The
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test loop of refrigerant side is sketched in
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figure 1. The shell-and-tube condenser is in
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the simplest form and can be installed one
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left connected pipe into the condenser, where
Evaporator
the refrigerant condenses outside the tested
tube into liquid state and flows down by
Drainage
gravity into the evaporator. The condensing
Valve
pressure
or
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temperature of the shell side can be adjusted
Figure 1: Test loop of refrigerant side for phase change heat
by change the inlet temperature of cooling
transfer outside of single tube
water and that of warm water flowing inside
tube, which are controlled by a refrigeration system and a heater not sketched in figure 1.
The inlet and outlet temperature of cooling water and warm water and the saturation temperature of refrigerant in the
condenser were measured by copper constantan thermocouples, and the volume flow rate of cooling water was
measured by a rotameter. The measuring meters listed in table 1 were calibrated, and the precision pressure gauge in
the table was directly used to judge whether the condensing pressure was in the controlled range.
Parameter
Meter
Type
Precision

Table 1: Measuring meters for single tube
Temperature
Pressure
Thermocouple
Pressure gauge
T (Copper-constantan)
YB150
±0.25%
±0.1 ℃ (Calibrated)

Volume flow rate
Rotameter
LZB-15
±1.5% (Calibrated)

The tube bundle was installed in a newly-made shell-and-tube condenser which afterwards was installed in a
commercial air-conditioning with a fin-and-tube evaporator. The newly-made condenser with 3-D externally
rectangular finned tube bundle was the same configuration as another condenser (WN40D) with 3-D externally
grooved tube bundle. The experiments of the air-conditioning were carried out in Commercial Air-Conditioning
Laboratory directly under our in corporation. It is a modern lab with automatic control devices and advanced
metrical instruments with high precision, consisting of two independent Air Enthalpy Method Calorimeters and two
independent water supply systems.
The inlet temperature and outlet temperature of cooling water were measured together with the volume flow rate to
calculate the heat transfer rate of each condenser. And the pressure drop of water side was measured, too. In order to
compare the heat transfer capacity of the two condensers with different enhanced tube bundle, the dry bulb
temperature and wet bulb temperature of room air were controlled as well as the inlet temperature and the volume
flow rate of the cooling water.

2.2 Test Section
The dimensions of the 3-D externally rectangular finned tubes and the 3-D externally grooved finned tubes are listed
in table 2 and table 3, respectively. As can be seen from table 2, the differences of the two externally rectangular
finned tubes are longitudinal fin pitch and fin thickness. The dispersed rectangular fins are in staggered arrangement.
Note that the out diameter (O.D.) either in table 2 or in table 3 is the diameter of either tube end of smooth segment,
and the effective heat transfer length of the three tubes is 1500mm which is the inner longitudinal size of the shell.
Figure 2 shows two different tubes for tube bundle experiment. The upper one and the lower one in figure 2 are the
3-D externally rectangular finned tube and the 3-D externally grooved tube, respectively. One of the two tube sheets
of WN40D condenser with 3-D externally grooved tube bundle is sketched in figure 3, and the counterpart at the
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other end has the same outline. As can be seen from figure 3, there are 34 tubes divided into two groups in WN40D
condenser, the upper group consisting 16 tubes and the lower group 18 ones with equilateral triangle arrangement,
pipe pitch 20 mm. The two groups of tubes form two flow paths for cooling water when the condenser covering with
two shell covers.
Tube sheets of the newly-made condenser for installing 3-D externally rectangular finned tubes are similar to that of
WN40D except that the uppermost row is canceled, that is, there are 31 holes of smaller diameter in one tube sheet.
The main parameters of the tube bundle of the two types of enhanced tube are listed in table 4.
Table 2: Dimensions of 3-D externally rectangular finned tubes for single tube testing
O.D.

I.D.

Diameter
at fin tip

Longitudinal
fin pitch

Staggered
fin pitch

Fin height

Fin width

Fin
thickness

mm

mm

mm

mm

mm

mm

mm

mm

Number of
fin in
circumference
-

12

10

17.5

1.2

0.6

3.1

1.48

0.14

24(staggered)

12

10

17.5

0.8

0.4

3.1

1.48

0.09

24(staggered)

Table 3: Dimensions of 3-D externally grooved tube for single tube testing
O.D.

I.D.

Primary fin
height

Primary
fin pitch

Primary fin
thickness at
tip

Secondary
fin height

Secondary
groove angle

Number of
secondary fin in
circumference

mm

mm

mm

mm

mm

mm

radian

-

19

15.5

0.95

0.75

0.25

0.3

0.611

60

Figure 2: Picture of 3-D externally rectangular
finned tube (upper one) and 3-D externally
grooved tube (lower one)

Figure 3: Tube sheet of
WN40D condenser

2.3 Test Procedure
The operating condition for experiments of single tube is listed in table 5. Experiments were carried out at five
different flow rates for each enhanced tube and repeated for three times for each flow rate. The data which were in
accordance within the range of ±5% in terms of heat balance between heat transfer rate of cooling water for
refrigerant condensing and that of warm water for refrigerant evaporation were saved for data reduction.
The two condensers with tube bundle of different types of enhanced tube were successively installed in a
commercial air-conditioning with an evaporator to be in comparison with each other. The refrigerant (R-22) charged
in the air-conditioning and the open degree of the thermal expansion valve were adjusted to found the optimum
capacity for each condenser under the operating condition listed in table 6. The measured data were recorded and
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time averaged automatically for thirty-five minutes after the operating condition was stable, and the sampling
interval was five seconds.
Table 4: Main parameters of tube bundle
3-D externally
3-D externally
Parameter
unit
grooved tube
rectangular finned tube
Outer diameter

mm

15.88

12.00

Average wall thickness

mm

1.25

1.00

Inner diameter

mm

12.38

10.00

Length of tube

m

1.065

1.065

Length of finned segment

m

0.975

0.965

Length of smooth segment

m

0.022

0.032

Number of tubes

-

34

31

2

0.162

0.229

2

0.039

0.031

2

5.497

7.088

Inner surface area of tube bundle

2

m

1.318

0.971

Weight of single tube

kg

0.483

0.352

Weight of tube bundle

kg

16.422

10.912

Outer surface area of single tube

m

Inner surface area of single tube

m

Outer surface area of tube bundle

Refrigerant

Table 5: Operating condition for experiments of single tube
Condensing saturation
Condensing
Inlet temperature of
temperature
absolute pressure
cooling water

R-22

35±0.5℃

Refrigerant
R-22

m

1.34～1.37Mpa

30±0.5℃

Table 6: Operating condition for experiments of tube bundle
Dry bulb temperature Wet bulb temperature
Inlet temperature of
of room air
of room air
cooling water
27±0.1℃
19±0.1℃
30±0.1℃

Volume flow rate of
cooling water
450, 640, 840, 1050,
1250 m3/h
Volume flow rate of
cooling water
8×(1±0.5%) m3/h

2.4 Data Reduction
The overall condensing heat transfer coefficient of single enhanced tube can be written as,

k = Q (∆Tm A)

(1)

where, Q, heat transfer rate of cooling water side, W; A, outer surface area based on the outer diameter of tube end,
m2; ∆Tm, logarithmic mean temperature difference between refrigerant and cooling water, ℃.
A = πd o Lh
(2)

Q = ρVC p (To − Ti )
∆Tm =

To − Ti
ln[(Tc − Ti ) (Tc − To )]

(3)
(4)

where, do, outer diameter of tube end, m; Lh, effective heat transfer length (Lh = 1.5m), m; ρ, water density, kg/m3; V,
volume flow rate of cooling water, m3/s; Cp, specific heat capacity at constant pressure, J/kg.K; Ti and To, inlet
temperature and outlet temperature of cooling water, respectively; Tc, condensing saturation temperature of
refrigerant. The properties of water in Eq. (3) are based on the average temperature of inlet one and outlet one.
When the thermal resistance of the copper tube wall neglected, the outside condensation heat transfer coefficient can
be deduced from equation (5) by a method of thermal resistance separation,
International Refrigeration and Air Conditioning Conference at Purdue, July 17-20, 2006
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1 1 1 A
= − ⋅
ho k hi Ai

(5)

where, hi, forced convection heat transfer coefficient of cooling water inside tube computed from Dittus-Boelter
correlation (Yang et al, 1998 ), W/m2.K; Ai, inner surface area of the tube, m2.
The heat transfer rate of condenser with tube bundle can be calculated from Eq. (3).

3. RESULTS AND DISCUSSION
3.1 Single Tube

4500
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3500

7000
ho (W/m2.K)

k (W/m2.K)

Overall condensation heat transfer coefficients outside of the horizontal 3-D externally grooved tube (GT1) and the
two horizontal 3-D externally rectangular finned tubes (RT) are showed in figure 4. The overall heat transfer
coefficient of tube GT1 increases obviously with Reynolds number increasing, but that of the tube RT with fin pitch
0.8 mm and 1.2 mm, respectively, increases slightly or almost appears constant. In practical application, the design
velocity for tube GT1 should be higher than the tested velocity and that for tube RT with fin pitch 1.2mm should be
lower than the tested velocity.
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Figure 4: Comparison of overall condensation
heat transfer coefficients
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Figure 5: Comparison of outside condensation
heat transfer coefficients

Figure 5 shows the comparison of heat transfer coefficients for R-22 condensing outside the three horizontal tubes
with cooling water flow inside. The condensation heat transfer coefficients of the three tested tubes, especially for
the tube RT with fin pitch 1.2mm, trend to decrease with Reynolds number of cooling water inside tube increasing.
The thickness of liquid film outside the tubes increases with heat transfer rate increasing, thus the thermal resistance
of the liquid film increased and the foregoing trend appears.
As can be seen from figure 4 and figure 5, the overall condensation heat transfer coefficient and the outside one of
tube RT with fin pitch 1.2 mm are obviously higher than those of the other two tubes. The outside condensation heat
transfer coefficient based on outer diameter of tube end for tube RT with fin pitch 1.2 mm is 50% ~ 100% higher
than that for tube RT with smaller fin pitch under the operating condition. The phenomenon probably lies in the
following reasons: on the one hand, the condensate floods outside the tube RT with smaller longitudinal fin pitch
due to the surface tension effect; on the other hand, the fin thickness of the tube RT with smaller fin pitch is thinner,
as can be seen from table 2, thus the fin efficiency of the tube is lower. Therefore, the outside heat transfer
performance of the tube RT with smaller fin pitch becomes worse even if the extended surface area is larger.

3.2 Tube Bundle
The 3-D externally rectangular tube (RT) with longitudinal fin pitch of 1.2 mm was chosen to introduce for the first
time in a shell-and-tube condenser because of its high condensation heat transfer performance for R-22 condensing
outside. Results of the newly-made condenser with the 3-D externally rectangular finned tube bundle together with
those of the WN40D condenser with 3-D externally rectangular grooved tube bundle are listed in table 6. Note that
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the grooved tube (GT2) in WN40D condenser is different in geometries from the grooved tube (GT1) for single tube
testing.
The capacity of the newly-made condenser with 3-D externally rectangular finned tube bundle is equivalent to that
of the WN40D condenser when the air-conditioning in which the two condensers installed was charged 6.5kg R-22,
and will be a little higher when the air-conditioning was charged more refrigerant under the operating condition, as
can be seen from table 6. The input power of the air-conditioning with the newly-made condenser is a little lower
than that of the one with WN40D, that is, the COP of the air-conditioning with the newly-made condenser doesn’t
drop. The pressure drop of water side for the newly-made condenser is about 16% higher than that for WN40D
because the smaller flow area of the former leads to higher velocity of cooling water.
Table 6: Experimental results of the two condensers installed in a commercial air-conditioning
Parameter
unit
Newly-made condenser
WN40D
R-22 charged in the air-conditioning

kg

6.5

7

7.5

6.5

Dry bulb temperature of room air

℃

27.05

27.02

27.01

26.95

Wet bulb temperature of room air

℃

19.02

18.99

19

18.93

Volume flow rate of cooling water

3

m /h

8.015

8.05

8.003

7.996

Inlet temperature of cooling water

℃

30.05

30.02

29.98

30.02

Outlet temperature of cooling water

℃

34.14

34.15

34.14

34.13

Pressure drop of water side

kPa

16.6

16.74

16.59

14.29

Absolute pressure of discharged gas

Mpa

1.375

1.388

1.399

1.397

Absolute pressure of suction gas

Mpa

0.492

0.486

0.485

0.493

Input electric power

kW

7.019

7.037

7.063

7.109

Condensation capacity of the condenser
kW
37.82
38.35
38.41
37.91
Note: The input electric power includes compressor, fan and other electronic devices except for water pump.

4. CONCLUSIONS
Heat transfer performance for R-22 condensing outside of two horizontal 3-D externally rectangular finned tubes,
one horizontal 3-D grooved tube, horizontal tube bundle of different enhanced tubes installed in two condensers
were experimentally investigated, and the results of single tube or tube bundle were in comparison with that of the
counterpart. Under the operating condition, the following conclusions were arrived at:
（1） The outside condensation heat transfer coefficient, based on outer diameter of tube end, of the 3-D
horizontal rectangular finned tube with 1.2mm fin pitch is about 50% ~ 100% higher than that of the similar finned
tube with 0.8mm fin pitch, and that of the latter was a little higher than that of the 3-D horizontal grooved tube of
19mm outer diameter. The overall heat transfer performance of the rectangular finned tube with 1.2 mm fin pitch is
the best and that of the grooved tube is the worst.
（2） The condensation capacity of the shell-and-tube condenser with 1.2mm fin pith rectangular finned tube
bundle is equivalent to that of WN40D condenser with 3-D grooved tube bundle, but tube side pressure drop of the
former is about 16% higher.
（3） The newly-made condenser can save 33.5% of tube material compared with WN40D condenser, thus the
former is of higher capacity-to-cost ratio except for the installation complexity.

REFERENCES
Browne, M. W., Bansal, P. K. 1999, An Overview of Condensation Heat Transfer on Horizontal Tube Bundles,
Applied Thermal Engineering., vol. 19: p565-594.
Yang, S. M., Tao, W. Q., 1998, Heat Transfer (3rd edition), Higher Education Press, Peking, p164.

International Refrigeration and Air Conditioning Conference at Purdue, July 17-20, 2006

